Hydrous manganese oxides are an important class of minerals that help regulate the geochemical redox cycle in near-surface environments and are also considered to be promising catalysts for energy applications such as the oxidation of water. A complete characterization of these minerals is required to better understand their catalytic and redox activity. In this contribution an empirical methodology using X-ray photoelectron spectroscopy (XPS) is developed to quantify the oxidation state of hydrous multivalent manganese oxides with an emphasis on birnessite, a common layered structure that occurs commonly in soils but is also the oxidized endmember in biomimetic water-oxidation catalysts. The Mn2p 3/2 , Mn3p, and Mn3s lines of near monovalent Mn(II), Mn(III), and Mn(IV) oxides were fit with component peaks; after the best fit was obtained the relative widths, heights and binding energies of the components were fixed.
Introduction
Manganese (Mn) oxides occur in a wide variety of soil environments, typically as trace minerals that coat grain surfaces or as fine-grained concretions and nodules [1] . Even when the abundance of Mn oxides is on the order of a few weight percent or less, these phases can exert the primary control on cation exchange [2] [3] [4] [5] [6] and on redox activity [7; 8] . Mn is known to adopt ten distinct oxidation states (7+ through 3-), but in naturally occurring minerals only three oxidation states (2+, 3+, and 4+) are observed [1] . Mn oxides are the only minerals that are sufficiently oxidative to transform Cr 3+ to Cr 6+ [9] , and, not surprisingly, the redox activity of a Such concerns are also manifest in the green energy community where, for example, birnessite is a primary phase in biomimetic water-oxidation catalysts [27] [28] [29] [30] [31] . In order to understand the efficiency of water oxidation by Mn (hydr)oxide phases and the electronic state of the Mn cations in those phases, it is critically important to know the concentrations of Mn(II), Mn(III), and Mn(IV) [32] .
Mn K-and L-edge XANES have been used to measure the average oxidation state of Mn by modeling the edge position and the mole fractions of Mn oxidations states by modeling peak shapes, including pre-edge features [33] [34] [35] [36] . Nonetheless, XANES is a bulk technique and the near-surface chemistry of the material may be of greater significance as this is where reactions are mediated. Similarly, surface-sensitive information is required to determine the nature and oxidation state of Mn precipitates that form and can undergo redox reactions at mineral surfaces, an important part of the Mn redox cycle in the environment [37; 38] .
X-ray photoelectron spectroscopy (XPS) is a non-destructive in-house method that has been used since the early 1970s to determine the oxidation states of metals, including manganese, at the near-surface of materials. A common approach takes advantage of the sensitivity of the binding energy (BE) of various electron energy levels (i.e., Mn2p, Mn3p, and Mn3s) to the Mn [38] . The relevant atomic physics that produces the Mn3s MS has been discussed in many previous publications; see for example [40] [41] [42] [43] . Typically the relationship for simple oxides is linear, with some studies demonstrating that the MS for the doubly valent (II and III) oxide Mn 3 O 4 correctly predicts its oxidation state to be ~2.67+; e.g., Galakhov et al. [44] . This linear relationship for doubly valent compounds is expected on the basis of simple theoretical arguments, as long as the electronegativity of the ligands is similar; for a recent paper see Kosakov et al. [45] . In fact, deviations from linearity have been attributed to certain electronic states [44] . In this regard, it is helpful to note that the In only a few cases, Mn3s spectra were fit using Mn(II), Mn(III), and Mn(IV) standards to determine the percentage of each oxidation state in potential multivalent aqueous precipitates [46] and synthetic Mn oxides [47] . A number of studies modeled Mn2p [45; 47-51] and Mn3p spectra [52; 53] . The papers by co-authors Nesbitt and Banjeree [48] [49] [50] are particularly relevant here as they characterized the oxidation state of multivalent K-birnessites. These studies were 6 ambitious because they adapted the atomic multiplet models of Gupta and Sen [54; 55] for characterizing the shapes of the Mn(II), Mn(III), and Mn(IV) 2p 3/2 spectral components.
Recently, the Mn2p 3/2 fit parameters from Nesbitt and Banjeree were applied to K-birnessites in a water oxidation catalyst study [32] . The work by Cerrato et al. [52; 53] is notable for using the binding energies and shapes of the Mn3p lines, along with the Mn3s MS to assess the oxidation state of low concentrations of Mn trapped on water filtration media. It is all the more remarkable given that Mn3s and 3p energy levels have low photoionization cross-sections (i.e., low sensitivities).
Despite the technological and environmental importance of layered Mn (hydr)oxides, such as birnessites, and all the structural determinations [22] [23] [24] [25] [26] , there have been few systematic efforts to determine relative Mn(II), Mn(III), and Mn(IV) concentrations in these multivalent compounds. This knowledge is necessary for a full description of these minerals as well as an understanding of their reactivities. An exception is the work cited above on K-birnessites;
however, the XPS characterization of oxidation states was limited to modeling the Mn2p 3/2 spectrum. In this contribution we present a systematic study comparing and contrasting Mn oxidation states determined by modeling the Mn2p 3/2 , Mn3p, and Mn3s lines for a broad range of birnessite phases. Additionally, we rigorously tested the efficacy of using the Mn3s MS for predicting the average oxidation state of these multivalent Mn (hydr)oxides. Our objective is to develop a purely empirical methodology that is nevertheless robust and easy to implement.
Experimental
Near monovalent natural and synthetic minerals were used as standards: MnO (single crystal cleaved in vacuum; data courtesy of L. Sangeletti [42] Triclinic Na-birnessite was synthesized according to the procedure described in Golden et al. [56] . A 200 ml solution of 0.5 M MnCl 2 (Mallinckrodt Baker) was mixed with 250 ml of 5.5
M NaOH (J.T. Baker). The mixture was oxygenated through a glass frit for ~5 hrs at a rate of hexagonal H-birnessite, a 20 mM HEPES solution was prepared by dissolving ~2.38 g HEPES (Sigma-Aldrich) into ~300 ml DI water. The pH was then adjusted with 0.1 M NaOH (J.T.
Baker) until pH 7.00 was achieved, and the volume was brought up to 500 mL. About 100mg of triclinic Na-birnessite was reacted with 250 ml of the pH 7 20 mM HEPES solution to yield the pH 7 hexagonal H-birnessite. Both hexagonal birnessites were characterized by XRD.
Samples in the form of powder were pressed with clean borosilicate glass blocks onto copper stubs that were covered with a strip of conductive copper tape. All preparation occurred under atmospheric conditions. XPS measurements were performed with a Kratos Axis Ultra DLD spectrometer that employs a monochromatic Al Kα X-ray (1486.7 eV) source operating at 10mA and 15 kV. Collection efficiency was enhanced by use of a magnetic immersion lens.
The instrument work function was calibrated to give a BE of 83.96 eV ± 0.05 eV for the 4f 7/2 line of metallic gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Spectra were best fit, after Shirley background subtractions, by non-linear least squares using the CasaXPS curve resolution software package. Gaussian/Lorentzian (G/L) contributions to the line shapes were numerically convoluted using a Voigt function. A more rigorous approach would be to fix the Lorentzian FWHM to a value based on the core-hole lifetime but allow the Gaussian aspect to vary independently to compensate for instrument and charge induced broadening. Nonetheless, the present approach is sufficient for the task at hand, given that
CasaXPS is widely used and that the fit parameters are only intended for a limited compositional/structural range of Mn minerals (i.e., Mn (hydr)oxides). Instrument-specific sensitivity factors were used for quantification.
Results and discussion
In order to develop a reproducible methodology for extracting the relative concentrations of 
Standards
An empirical method was used to extract oxidation state information for Mn by fitting the different XPS Mn lines with sets of Gaussian/Lorentzian peaks derived from our standards. This approach is similar to that of Nesbitt and Banerjee [48] and Biesinger et al. [57] ; however, unlike those two studies, which focused solely on the Mn2p 3/2 line, we were not guided by the atomic multiplet models of Gupta and Sen [54; 55] . Instead, here we were simply attempting to achieve the best empirical fit to the spectra and any similarity between the spacing and relative intensities of component peaks and atomic multiplet models should be viewed as serendipitous.
A single crystal of MnO served as a standard for Mn(II) where the XPS data were generated in a previous study [42] (see Experimental). Theory and experiment showed good agreement for major features [58] ; in particular, neither showed any asymmetry or shoulder on the low BE side of the Mn2p 3/2 line, in contrast to the data in Biesinger et al. [57] . We have noticed such an asymmetry or shoulder in spectra from natural MnO samples (accompanied by diminished satellite intensity) that appear to be partially hydrated, as determined by XPS, and speculate that two Mn species may be present. Fit parameters for Mn2p 3/2 , Mn3s and Mn3p spectra along with the Mn3s MS, are given in Table 1 and shown in Figure 1 .
Ideally, we would have collected data from a Mn(OH) 2 standard to test the effect of increasing hydroxylation and ionicity. Unfortunately, highly crystalline natural samples appear to be rare perhaps due to high reactivity towards oxidation and presence of impurities. Instead, we analyzed natural and reagent MnCO 3 which is more ionic than MnO. Stoichiometries for both 11 samples as determined by XPS indicate a near 1:1 ratio of Mn to CO 3 (determined using both the
C1s and O1s lines). A comparison of the spectra for the three different Mn energy levels for
MnCO 3 and MnO show similarities and differences ( Figure 2 ). The Mn3p spectra for MnO and MnCO 3 are similar, whereas significant differences are apparent for the Mn2p spectra in the region between the spin-orbit split primary peaks. Consequently, we suspect that the bonding environment will more strongly affect the Mn(II) component in the Mn2p 3/2 peak compared to Mn(II) in Mn3p. As expected, the MS for MnCO 3 (6.2 eV) is slightly larger than that for MnO (6.1 eV) due to greater ionicity. Other than that, the peak shapes are similar with only a modest difference in multiplet amplitudes ( Figure 2 ). Table 1 and illustrated in Figure 1 . The fit parameters for the Mn2p 3/2 peak are different than those in Biesinger et al. [57] and Nesbitt and Banjeree [48] . Those studies were guided by an atomic multiplet model [54; 55] . As stated earlier, we are committed to a fully empirical approach. lines have similar BE ranges and slightly different peak shapes. We used the parameters from the MnOOH standard to model the Mn2p 3/2 spectrum from a natural bixbyite containing ~10%
Fe (NMNH #151352) and obtained a poor fit to the top and high BE tail portions of the spectrum ( Figure 3 ). In contrast, the Mn3p MnOOH parameters worked well for the bixbyite Mn3p line after accounting for a slight overlap with Fe3p ( Figure 3) . Unfortunately, the Fe3s line strongly overlapped with the Mn3s line. Nonetheless, it has been well documented in the literature that Mn(IV)-rich rancieite (see Experimental). Rancieite has a birnessite-like layer structure [59] , and therefore the Mn(IV) bonding environments in the two phases are similar. Mn(IV)2p 3/2 fitting parameters extracted from rancieite (Table 1 and illustrated in Figure 1 ) greatly improved subsequent fits to the various birnessite-like samples; all Mn2p 3/2 results listed and discussed in this contribution were obtained with rancieite-Mn(IV) parameters. Nesbitt and Banjeree [48] used a similar approach for curve resolution of K-birnessites: They began with pyrolusite and then modified the Mn(IV)2p 3/2 parameters to best fit a Mn(IV)-rich K-birnessite.
Modeling the pyrolusite Mn3p line with the Mn(III)3p standard parameters gave only ~5%
Mn(III), indicating that the surface was likely marginally more reduced than the bulk (the UV ozone treatment does not penetrate far into the bulk). As will be discussed below, the Mn2p 3/2 spectra originate closer to the sample surface than do those for Mn3p and Mn3s. Importantly, and in contrast to Mn2p 3/2 , the Mn(IV)3p spectra derived from pyrolusite and rancieite were nearly identical (parameters are listed in Table 1 and shown in Figure 1 ). This is illustrated in Mn3s for all mixed valence samples studied, suggests that pyrolusite does serve as an acceptable Mn(IV)3s standard. Fit parameters are given in Table 1 and illustrated in Figure 1 . Additionally, as will be shown below, given the similar information depths for Mn3p and Mn3s spectral data, consistency of results from fitting these two lines validates the use of the Mn3s spectra for Mn oxidation state analyses. 14 
Curve resolution strategy
When fitting multivalent samples, the Mn(II), Mn(III), and Mn(IV) fit parameters listed in In summary, other than as described above, our approach does not directly take into account the potential effect of differences in bonding environments between the standards and samples of interest. To explicitly do so would be a complex task that might eventually be addressed with 15 advanced theoretical methods or additional experience with numerous samples. Nonetheless, as discussed above, the peak shapes for Mn3p are insensitive to changes in Mn bonding environments. For our analyses of "unknown" samples, checks and balances were employed.
Where possible, the stoichiometry was used to estimate the average oxidation state of Mn, which was compared to the fitting results. Additionally, comparing and contrasting independent fits to spectra for the three different Mn energy levels provided a check on the accuracy and precision of the method.
Doubly valent samples
We fit two minerals that nominally have Mn in two oxidation states; hausmannite line, which is more surface sensitive than Mn3p, yields 47.7% Mn(IV), 47.1% Mn(III), and 4.6%
Mn(II). The Mn(II) is marginal, but if real, it likely is in the tunnels or at the surface and not in the octahedral framework. Greater reduction towards the surface would be consistent with a higher concentration of protons at the surface but, as discussed previously, the Mn2p line appears to be sensitive to the bonding environment which might make the results less accurate than those for Mn3p.
In general, our fit parameters work well for two very different doubly valent Mn oxides. In particular, the Mn fit parameters for Mn(III) seem to perform well when paired with Mn(IV) or Mn(II), and the Mn(II) results appear to be insensitive, surprisingly, to tetrahedral versus octahedral coordination in oxides. However, the results for the Mn2p 3/2 spectrum for hausmannite are considered provisional, despite the good result, given the adjustments made to the high energy background ( Figure 5 ).
Synthetic birnessite samples: Fitting the core levels
Examples of curve resolution for Mn3s, Mn2p 3/2 , and Mn3s hexagonal birnessite (pH7) spectra, using parameters for the individual oxidation states determined from standards as described above, are illustrated in Figure 6 . The insets are background subtracted without the data and fit envelopes in order to better compare and contrast the component spectra for the three different oxidation states. Quantification results of all birnessite samples are summarized in (Figure 7) . In contrast, the average oxidation states determined from the Although a plausible reason for Mn2p 3/2 -derived values being systematically more reduced than the Mn3p and Mn3s results is that the surface is more reduced, alternatively it is possible that the Mn2p results are not accurate due to bonding environment effects. In this regard, as discussed above, Nesbitt and Banerjee [48] derived fit parameters for the Mn2p 3/2 line that were fine-tuned to K-birnessite. Perhaps not surprisingly, application of their Mn2p 3/2 parameters to the present K-birnessite sample (not shown) yielded good agreement with the fit results for Mn3p, in contrast to the Mn2p 3/2 parameters derived here. Other than for K-birnessite, however, the agreement is poor. Further, the goodness of fit varied strongly, with better and poorer fits associated with the triclinic and hexagonal birnessites, respectively. The opposite trend was manifest using our Mn2p 3/2 parameters ( Table 2 ). Such variability indicates that the Mn2p 3/2 line is difficult to model using one set of parameters. This in turn is consistent with curve resolution of the standards which indicated that the Mn2p line appears to be more sensitive to bonding environment than Mn3p. Further, angle-resolved XPS (both Mn2p and 3p) of birnessites do not indicate significant reduction with increasing sensitivity to the surface (data not shown).
Although the birnessites are in powder form, they were compressed to a vitreous luster with the platelets aligned parallel to the sample stub and the carbon/manganese ratio increased systematically with decreasing emission angles. Consequently, whereas one cannot categorically dismiss the possibility that the birnessite surfaces are more reduced than the bulk, the evidence suggests that a strong redox gradient is not present which, in turn, implies that the Mn2p 3/2 fits are not accurate.
Birnessite: Stoichiometry
A major goal of this study was to use the methods described above to determine the concentrations of Mn(IV), Mn(III), and Mn(II) in synthetic and natural birnessite-like phases, in order to better understand the structures and behaviors of these layered Mn (hydr)oxides.
Determining the stoichiometry for a given birnessite-like phase is problematic in a number of Given the many complexities listed above, we first analyzed triclinic Na-birnessite information depths, and X-ray diffraction studies and chemical analyses [22] suggest that the Mn(II) concentration is relatively low (Table 2) and that the Mn(III) is located only in the Mn-O octahedral layers; i.e., it does not cap vacancies. Furthermore, the synthesis was performed at alkaline pH which, combined with a nominal pH pzc of ~2-3 [64] , plausibly permits us to ignore the potential for adsorbed protons. The stoichiometry was calculated in three different ways.
First, assuming that Na is the only charge-compensating cation (i.e., no other cations were detected and Mn(II) is part of the octahedral sheet) yields an average oxidation state of 3.60+
which compares closely to the Mn3p fit result of 3.57+ (Table 2) . Second, ignoring Mn(II) (considering that Mn(II) is close to the detection limit) yields 3.60+ and 3.61+ from stoichiometry and the Mn3p fit, respectively. Third, assuming that Na and Mn(II) are both interlayer charge-compensating cations and that the vacancy concentration is equal to Mn(II) 21 yields 3.64+ for the structural units, which also compares closely to 3.61+ from the fit. In summary, the stoichiometry and fit results are close regardless of the model used. The identity of a minor O1s component at 531.6 eV is ambiguous as it is high for hydroxyl in MnOOH (~531.0 eV). The oxygen in carbonate does have an O1s peak at ~531.7 eV, but the highest BE component associated with the C1s line is at 288.9 eV which is too low for MnCO 3 (C1s at 289.6 eV; this study). In any case, to a first approximation, the stoichiometry and Mn3p fit yield nearly identical results.
Birnessite: Mn3s multiplet splitting (MS)
The Mn3s . This conforms to expectation from theoretical treatments [45; 65] . Likewise, Galakhov et al. [44] show a strong correlation between the formal oxidation state of manganites and simple oxides, and the Mn3s MS. A plateau in the MS between about 3.0+ and 3.3+ was attributed to hole localization on oxygen as opposed to the metal centers.
22
The immediate question addressed here concerns the accuracy of the Mn3s MS approach for determining average oxidation states of Mn compounds that are primarily (hydr)oxides. The question comes in two parts: How reliable is interpolating between well characterized standards and does a close match to the Mn3s MS of a standard truly yield the correct average oxidation state of the sample? Given the strong linear correlation in Figure 9 (inset), it would seem that the answers are an obvious yes for both queries, if one limits the analysis to Mn (hydr)oxides; we will show, however, that even in such a constrained system, things can get complicated.
In Figure 9 (top panel), the Mn3s MS values for the birnessite samples are plotted against the average oxidation states calculated from the Mn3s fits. The solid red line marks the assumed linear relationship between the average oxidation state and the MS. Note the lack of correlation between the MS and the fit results. Furthermore, projecting the MS onto the red line in Figure 9 (top panel) indicates that the MS predicts significantly higher oxidation states than the fitting.
Given the close correspondence between the fit results for Mn3s and Mn3p, we suggest that the problem is with the MS approach.
To explore this discrepancy, we used the Mn3s Mn(III) and Mn(IV) standards to create synthetic composite spectra that spanned valence states III-IV maintaining the same BE separation between Mn(III) and Mn(IV) as in the fitted Na-birnessite or hex-birn-pH7 samples ( Figure 9 , bottom panel). Note that in both cases a sigmoidal, not linear, relationship is manifest.
In fact, using the hex-birn-pH7 BEs yields prominent plateaus from 3.0+ to 3.3+, and between In contrast, the Mn(III) and Mn(IV) 5 S multiplets for Na-birn are closely overlapped whereas the 7 S multiplets are offset. This increases the sensitivity of the MS to oxidation state, but the relationship is still not linear. To a first approximation, these two examples place bounds on the relationship between the MS and oxidation state for doubly valent Mn(III, IV) (hydr)oxides.
Although beyond the scope of this study, subtle variations in MS and/or the relative amplitudes and shapes of the multiplets due to variations in bonding environments might yield a more linear relationship (e.g., [45] ).
Addition of only 10% Mn(II) to the synthetic Na-birn Mn3s spectra, considered in some cases to be below the detection limit [38] , lowers the average valence but, counter-intuitively, decreases the MS ( Figure 9 , bottom panel). Hence, the presence of even minor Mn(II) renders the use of MS for determining the average oxidation state of birnessites even more problematic.
Notably, this issue can occur at a MS value that indicates a purely Mn(IV) phase ( Figure 9 , bottom panel). In summary, the non-linearity of this particular system, including the strong effect of minor concentrations of Mn(II), explains the lack of correlation between the MS and birnessite oxidation states. Moreover, although the plateau in MS manifested in Galakhov et al.
[44] between 3.0+ and 3.3+ is consistent with independent information suggesting interesting chemistry and physics (see above), the present contribution indicates that XPS evidence alone is not sufficient to make such an assessment: Plateaus can be accentuated by innocuous factors such as small shifts in BE separation between Mn(III) and Mn(IV). Given sufficient signal to noise, modeling the Mn3s peak is both possible and the preferred method for characterizing the oxidation states of birnessites and similar phases. 
Conclusions
The parameters used to fit XPS spectra for a variety of birnessite samples (Table 1) results are not accurate due to the documented sensitivity of the peak shape to differences in the Mn bonding environment. Given that angle-resolved XPS of compressed vitreous samples indicated that the near-surface is not significantly more reduced than the bulk, it appears likely that the Mn2p 3/2 results are not accurate. Indeed, the high variability of the goodness of fit to the Mn2p 3/2 line as a function of composition and structure is consistent with this conclusion.
Accurate use of the Mn2p 3/2 line may require fine-tuning fit parameters to the mineral/compound of interest (e.g., K-birnessite [48] [49] [50] 
